First and second-order Raman analysis on annealed silicon nitride films is reported. Possible formation of amorphous Si nanoparticles after an intermediate treatment is deduced from the occurrence of a resonant spectrum. After nucleation of Si nanocrystals, with a model description of the first-order spectra it is possible to access information regarding mean radius, size dispersion, and crystalline phase fraction consistent with the fundamental data derived from microscopy. Substantial increase in second to first order intensity ratio is also observed: Enhanced electron-phonon coupling in both amorphous and crystalline Si nanoparticles is suggested. © 2010 American Institute of Physics. ͓doi:10.1063/1.3501133͔
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Silicon quantum dots embedded in dielectric matrix are a subject of great interest in many fields, among which photonics and photovoltaics.
1-3 In particular, lowdimensional Si in silicon nitride is a promising material system in alternative to the firstly introduced silicon oxide based counterpart, thanks to the lower barrier between Si and Si 3 N 4 , that implies more suitable electrical properties for optoelectronic applications. [2] [3] [4] [5] [6] [7] [8] An excellent nondestructive optical tool to study quantum confinement effects on various material properties, in view of designing future devices, is Raman spectroscopy. For this reason first-order Raman spectra of silicon nanocrystals ͑Si-ncs͒ have been studied extensively. [9] [10] [11] [12] [13] [14] [15] The Raman line in this case is shifted to lower energies and broadened with respect to the bulk material, as a consequence of the uncertainty in the phonon momentum q that allows for modes with q 0 to contribute. The peak shift is therefore one of the easiest ways to establish the presence of nanocrystals. Several models were developed to quantify the crystal size from such shift. The most commonly used are the bond-polarizability ͑BP͒ model, 12 where an easy-to-use relation between Si-ncs size and peak shift is derived, and the phenomenological confinement ͑PC͒ model 9, 10 that, starting with an ad hoc confinement function, allows to calculate the line shape of the transverse optic ͑TO͒ one-phonon mode as a function of the Si-ncs size. Higher order spectra of Si-ncs, instead, are less studied because of their usually weak intensity.
The purpose of this letter is to prove the significant potentialities of an extensive Raman analysis when investigating nanostructured Si and in particular Si nanoparticles embedded in silicon nitride ͑where fundamental and overtone spectra are influenced by Si-N vibrational modes 16 ͒. We demonstrate that both BP and PC model give reasonable values of Si-ncs mean size, underestimated in the first case and overestimated in the second. Rough indications regarding size distribution and crystalline phase fraction can be also extracted. Moreover, we show that ͑i͒ the fortuitous occurrence of a resonance can be a way to establish the presence of amorphous Si ͑a-Si͒ nanoparticles within the material, and ͑ii͒ precious information on the physics at the nanoscale can be extracted from higher-order Raman spectra. In particular, enhanced electron-phonon interaction strength both in a-Si and crystalline silicon ͑c-Si͒ nanoparticles is suggested.
SiN x samples, with thickness ϳ200 nm and different stoichiometry, were deposited on transparent fused silica ͑quartz͒ plates and Si wafers by plasma enhanced chemical vapor deposition, and subsequently annealed at increasing temperatures up to 1050°C with rapid thermal processes and finally at 1100°C for 1 h. The deposition and thermal treatment details are reported elsewhere. 8, 17 Samples on quartz have been devoted to Rutherford backscattering spectrometry ͑RBS͒ and Raman characterization, while samples on Si wafers to infrared spectroscopy and energy filtered transmission electron microscopy ͑EFTEM͒. 18 The stoichiometry was evaluated through RBS on fully annealed samples using a 2.0 MeV He+ beam in random configuration. Micro-Raman measurements were performed at room temperature using a Renishaw inVia Reflex Raman spectrometer in backscattering configuration. A 514.5 nm Ar laser line, with spot diameter of 4 m, was used for excitation. A low incident power was carefully selected, checking that there was no distortion or shift in the spectra due to laser heating. 19 The c-Si peak position ͑520 cm −1 ͒ and linewidth ͑5 cm −1 ͒ were evaluated in order to account for the experimental spectral resolution. The bonding structure was analyzed by means of a Fourier transform infrared ͑FTIR͒ Perkin Elmer Spectrum Gx spectrometer. EFTEM investigation was carried out with a 200 kV Jeol 2010F microscope equipped with Schottky field-emission electron gun, an ultrahigh-resolution objective lens pole piece with a small spherical aberration coefficient ͑Cs = 0.5 mm͒, and a Gatan imaging filter.
Two samples with different stoichiometry will be discussed. The silicon excess deduced from RBS analysis is 18% in sample A and 11% in sample B. The thermal treatments at increasing temperature induce hydrogen effusion and rearrangement of bonds,stretching mode for sample A. The peak shifts toward larger wavenumbers, indicating an increased number of nitrogen atoms bonded to the same Si, with increasing annealing temperature. This evolution signals a developing phase separation within the material with the organization of a silicon phase ͑not detectable in infrared absorption measurements͒ in a matrix evolving toward stoichiometric ratio. 6, 20 After the last annealing step the presence of superficial oxidation is also found from RBS, EFTEM, and FTIR ͓Si-O peak in Fig.  1͑a͔͒ . For sample B the evolution with annealing is similar. In both cases the aggregation of Si nanoclusters after the final annealing step is confirmed by EFTEM ͓Fig. 1͑b͔͒. The diffraction pattern indicates an essentially crystalline nature for the clusters in sample A ͓Fig. 1͑c͔͒ while only some hints of the diffraction rings are present in the other case ͓inset to Fig. 1͑b͔͒ . Both the films show rather large radius dispersion ͓Figs. 2͑d͒ and 2͑e͔͒, as expected since no attempt was made at containing the cluster size. The average dimension in the two films however scales with the Si excess.
The first-order Raman spectra of the samples annealed at 1100°C are reported in Fig. 2 . A clear peak at 512 cm −1 is found for sample A while for sample B only a weak shoulder around 508 cm −1 is detected. Diameters of 1.9 nm and 1.4 nm are, then, calculated for sample A and B, respectively, applying the BP model. 12 In comparison with Figs. 1͑d͒ and 1͑e͒, both values underestimate the average dimension, but for sample B the result is close to the EFTEM evaluation. In fact, the BP model is supposedly more appropriate in case of very small nanocrystals.
For the PC model, a Gaussian confinement function, that usually provides good agreement with experiments, 10, 13, 14 and a normal size distribution function, that allows to incorporate the dispersion analytically into the Raman intensity profile expression, 13, 14 have been selected. In this case, even without including the size dispersion, reasonable values of the average diameter can be deduced. The line shape for both the samples in case of monodispersed ensemble ͑size dispersion =0͒ can be reproduced as a convolution of the three following contributions: two wide Gaussian bands centered at 465 cm −1 and 480 cm −1 , assigned to Si-N and a-Si modes, respectively ͑dotted lines in Fig. 2͒ , and the asymmetrically broadened peak from Si-ncs with diameter 3.5 nm and 2.5 nm for sample A and B, respectively ͑dashed-dotted lines in Fig. 2͒ . Such size values are slightly overestimated but in agreement with the fundamental data from EFTEM ͑the largest sizes preferentially dominate in Raman experiments 19 ͒. It should be noted that, using exactly the same Gaussian contributions from a-Si and Si-N for the two films and different contributions only for the Si-ncs, the accord between model and experiment is satisfactorily good.
In this approximation a large contribution from a-Si is deduced. The crystalline volume fraction c can be estimated from the integrated intensities of Si-ncs and a-Si peaks ͑I c and I a , respectively͒ as c = I c / ͑I c + yI a ͒, where y is the ratio of the integrated Raman cross-sections of Si-ncs and a-Si, that was shown to approach 1 for small nanocrystals. 11 The estimated c values are only 25% and 16% for sample A and B, respectively. However, such values are unrealistic since the effect of the size distribution is to enhance the asymmetry of the Raman peak for Si-ncs on the low wavenumber side, 13 where the a-Si peak is located. The blue thick lines in Fig. 2 correspond to the contributions from Si-ncs with the same average diameters as before and = 35% for sample A and 50% for sample B. Besides a tail on the high wavenumber side, the curves are practically coincident with the thin solid red lines obtained by adding up the peak from a-Si and from Si-ncs with = 0. In this case the indication is that the clusters are essentially crystalline. However, the crystalline fraction strongly depends on and only rough estimates can be deduced. Even if large values are consistent with the wide size distribution obtained from EFTEM, similar figures for the two samples would be expected. Therefore, at least in sample B, where a much larger is used, the amorphous component is probably non-negligible, as suggested also by the diffraction pattern ͓Fig. 1͑b͔͒.
The complete Raman spectra of as-grown and annealed samples are shown in Fig. 3 with arbitrary offsets after subtraction of the baseline. The thermal treatments raise the Raman signal and a strongly enhanced spectrum is observed for sample A after annealing at 1050°C as for a resonance. Supposing a realistic thermally-induced formation of a-Si nanoparticles, 18 a possible interpretation is that the probing laser energy matches the enlarged nanoparticle band gap. 21, 22 Tentative diameters of the a-Si dots would then be around 1.7 nm, according to Ref. 4 . With the following annealing step at 1100°C an enlargement and crystallization of the aggregates is induced, likely moving the material away from the resonance condition. However, when considering the estimated nanocrystal sizes and their potential band gaps, 3 also in this case the samples should not be far from resonance.
In resonant Raman scattering experiments, in principle the electron-phonon interaction can be directly probed through the two-phonon to one-phonon scattering cross section ratio . 22 The unusually intense band at ϳ750-1100 cm −1 can be deconvoluted in two contributions: ͑i͒ the Si-N mode, centered at 826 cm −1 and 860 cm −1 after annealing at 1050°C and 1100°C, respectively ͑following the trend observed with the IR measurements͒, and ͑ii͒ a mode around 960-965 cm −1 , that can be assigned to silicon ͑2TO mode͒. A large integrated intensity ratio = I͑2TO͒ / I͑TO͒ is calculated in all cases after annealing ͑ ϳ 1 against 0.1 for c-Si and 0.25 for a-Si͒, as already found for Si nanoparticles prepared by pyrolysis. 15 Sizedependent enhanced strength of the electron-phonon coupling is therefore suggested for both amorphous and crystalline Si nanoparticles in analogy with similar results on CdS x Se 1−x nanocrystals. 22 With the electron-phonon interaction influencing at various extent physical attributes like transport, light emission, linear, and nonlinear optical properties, this is a relevant result in application prospect.
In conclusion, micro-Raman spectroscopy has been used to probe silicon nitride films containing Si nanoparticles with large size dispersion. The BP model allows a quick evaluation of the average size but underestimates the dimension with larger discrepancy the bigger the nanocrystals. With the Gaussian PC model including normal size distribution, information regarding mean radius ͑slightly overestimated͒, size dispersion, and crystalline phase fraction can be extracted, consistent with the fundamental description derived from time-consuming and destructive TEM. A resonance condition has been achieved for one sample after an intermediate annealing step: Formation of a-Si nanoparticles with band gap tuned to the excitation light is a possible explanation. Finally, significant increase in second to first order intensity ratio is found, probably as an effect of enhanced electron-phonon coupling in both small-size a-Si and c-Si nanoparticles. 
